Abstract: The synthesis of O-doped polyaromatic hydrocarbonsi nw hicht wo polycyclic aromatic hydrocarbon sub units are bridged through one or two Oa toms has been achieved. This includes high-yield ring-closure key steps that, depending on the reactionc onditions, result in the formation of furanyl or pyranopyranyl linkages through intramolecular CÀOb ond formation.C omprehensive photophysical measurements in solution showed that these compoundsh ave exceptionally high emission yields and tunable absorption properties throughout the UV/Vis spectral region. Electrochemical investigations showed that in all cases O annulation increases the electron-donor capabilities by raising the HOMO energyl evel, whereas the LUMO energy level is less affected. Moreover,t hird-ordern onlinear optical (NLO) measurements on solutions or thin films containingt he dyes showed very good values of the second hyperpolarizability. Importantly,p oly(methylm ethacrylate)f ilms containing the pyranopyranyl derivatives exhibited weak linear absorption and NLO absorption compared to the nonlinearity and NLO refraction, respectively,a nd thus revealed them to be exceptionalo rganic materials for photonic devices.
Introduction
Amongst the plethora of organic semiconductors available, polycyclic aromatic hydrocarbons (PAHs) have attracted increasing attention. [1] [2] [3] [4] [5] [6] With respect to infinite graphene, PAHs show nonzero tunable bandgaps and are thus of use as chromophoresi na ntennae [7] [8] [9] [10] [11] [12] or emissive molecular architectures [13] [14] [15] [16] [17] [18] [19] and in general in all optoelectronic applications requiring at unable semiconducting material. [6, 20] By exploiting organic synthetic tools, [21, 22] one can tune the molecular HOMO-LUMO gap [8] by 1) changing the size and edge of the carbon-based aromatic framework;2 )varying the molecular planarity upon insertion of bulky substituents or bridging chains; 3) changing the aromatic properties of the constituent monomeric units;4 )varying the peripheralf unctionalization through the insertion of electron-donating or electronwithdrawing substituents;5 )enclosing structurald efects; 6) promoting supramolecular interactions between individual molecules governing their organization into ac ondensed phase,a nd 7) replacing selected carbon atoms by isostructural and isoelectronic analogues (i.e.,d oping). In particular,t he heteroatom-doping approach [23, 24] is increasingly becoming important,a ss ignificant perturbation of the optoelectronic properties can be obtained without as ubstantial structural modification. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] Bottom-up covalent synthesisc an be exploited to access structurally defined heteroatom-doped graphene fragments with precise controlo ver the size, periphery,s ubstitution pattern, doping ratio, and position. [36, 37] In this respect, perixanthenoxanthene (PXX), [38, 39] the O-doped analogue of anthanthrene, can be conceptualized as ab uilding unit for engineering an ew class of O-doped PAHs. Substituted PXX derivatives are characterizedb ye xcellent carrier-transporta nd injectionp roperties,a sw ell as easy processability,c hemical inertness, and high thermal stability. [40, 41] Due to these properties, PXX has shown exceptional performance when used as active organic semiconductor in transistors forr ollable OLEDs. [42, 43] In particular, it has been provent hat the good performance is triggered by 1) the good charge-transport properties and 2) the good thermala nd chemical stability against parasitic oxidation occurring at the periphery of the pconjugated system. [41, 44] Capitalizing on these heterodopeds tructures, we have reported recently the synthesis of as eries of O-doped isosteres of benzorylenesi nw hich peripheralc arbon atoms are replaced by oxygen atoms at the armchair edges by exploiting the Pummerer-modified Cu I -catalyzed ring-closure reaction, which involves intramolecular CÀOb ond formation as the planarization reaction. [45] With the aim of studying the effect of the p extension of the carbon framework, here we report on the preparation of p-extended PXX derivatives through the fusion of two PAHsubunits ( Figure 1 ). In our approach, we considered extended PXX derivatives based on bis-hydroxy PAHs with 2-hydroxyperylene and2 -hydroxynaphthalenem oieties as the key constituent units. At the synthetic planningl evel, we contemplated the oxidative Cu I -catalyzed planarization reaction developed by us [45] to form the pyranopyranyl motif ( Figure 1 ). In this synthetic protocol, the easily prepared bis-hydroxy PAH precursors [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] give us the opportunity to alternativelyf use the PAHs through furanyl linkages [56] by an acid-catalyzed cyclization strategy ( Figure 1 ). Photophysicala nd electrochemical characterization showed that complementary spectroscopic and redox properties can be tailored through fine tuning of both the p extension of the carbon scaffold and the oxygen linkages( i.e.,f uranyl versus pyranopyranyl rings), with coverage of the visible absorption and emissions pectral region. All derivatives exhibit high absorption and strong emission. Nonlinear optical (NLO) responses of all O-doped polyaromatics were also investigated,b oth in solution and as thin films, by the Z-scan technique with 35 ps, 532 nm (Vis) laser excitation. All showed large second hyperpolarizabilities, as predicted by theoretical calculations at the CAM-B3LYP/6-31 + G** level of theory. To simplify the description of the different substitution patterns around the two fundamental furanyl and pyrano pyranylc ores, the nomenclature depictedi nF igure 1i su sed throughout this paper.A st he fundamental cores of the two molecular families composed of binaphthofuran or PXX, each naphthyl sub-ring can be differently p-extended. In accordance with this general scheme,alabeling nomenclaturei sp roposed in which n and m indicate the p extension of the carbon framework, expressed as the number of CÀC-fused naphthyl rings.
Results and Discussion

Synthesis
The synthesis commencedw ith the preparation of hydroxyl perylene 2 (Scheme 1). Friedel-Crafts alkylationo fp erylene by the protocol of Pillow et al. [57] in the presence of al arge excess of tBuCl [58] [59] [60] leads to an inseparable mixture of di-, tri-, and tetrasubstituted tBu-perylene derivatives. The unpurified perylene mixture was subsequently submitted to as elective CÀH borylation reactioni nt he presence of 10 mol %o f [{Ir(COD)(OMe)} 2 ]( COD = 1,5-cyclooctadiene)c atalyst and 20 mol %o f4 ,4'-di-tert-butyl-2,2'-bipyridyl (dtbpy) and B 2 pin 2 (pin = pinacolato) in n-hexane at 80 8Cf or 24 h, [61] which allowed the isolation of tetra-tert-butylperylene 1a as well as mono-a nd bis-boronic esters 1b and 1c (for X-ray structure, see Supporting Information) in 33, 20 and 30 %y ield, respectively.O xidationo fb oronic ester 1b with H 2 O 2 and NaOH in THF at RT [62] yieldedp erylenold erivative 2 in 80-85 %y ield. Followingt he literatures ynthetic routes for preparing BINOLs, [46-52, 54, 55, 63] we turned our attention towardC u/TMEDAbased (TMEDA = N,N,N',N'-tetramethylethylenediamine) oxidative CÀCb ond formation [64, 65] as dimerization reaction.T hus, homodimerization of perylenol 2 wasp erformed in the presence of [Cu(OH)Cl·TMEDA] catalyst under air at 20 8Ci nC H 2 Cl 2 to give bis-perylenol 4 in 71 %y ield. Small transparent crystals of 4 were obtained by vapor diffusion of MeOH into as olution of 4 in CH 2 Br 2 .T he asymmetricu nit of the crystals contains one independent molecule, which is H-bonded to two MeOH molecules ( Figure 2 ). The molecular structure depicted in Figure 2a reveals an onplanar arrangement of the two perylene Figure 1 . Fusion of PAHs through furanyl (left) and pyranopyranyl (right) cyclization strategies (n and mindexesi ndicate the p extension of the carbon framework expressed as an umber of CÀCf used naphthyl rings). scaffoldsw ith an interplanar angle of 62.88 and the two hydroxyl groups adopting a syn conformation. The crystal packing shows the formationo fd imeric speciesb yH -bonding interactions bridged by solvent (MeOH)m olecules. Similarly, perylenol 2 was cross-coupledw ith 2-naphthol to give naphthalenylperylene derivative 3 in 26 %y ield (homodimers bisperylenol 4 and BINOL were also formed and thus separated by columnc hromatography).B is-hydroxy PAHs 3 and 4 were used as scalemic mixtures. Following the oxidative protocol recently developedb yu s, [45] the dihydroxy species were subsequently cyclized to the relevant pyranopyran derivatives. Specifically,C u-catalyzedo xidative intramolecular etherification of dihydroxy derivatives 3 and 4 (CuI and PivOH in DMSO at 140 8Ci na ir) afforded pyranopyran derivatives 5
Pp and 6 Pp in 57 and 84 %y ield, respectively.T he structures of all intermediates and products were unambiguously identified by HRMALDIMSt hrough the detection of the peak corresponding to the molecular mass and by 1 Pp and 6 Pp ,respectively.Unfortunately, 13 CN MR spectra could not be recorded, as both pyranopyranyl derivatives seem to exhibit limited solubility,l ikely triggered by their pronounced tendency to undergo stronga ggregation.
To qualitatively support this assumption, a2m m toluene solution of 6
Pp was drop cast on as ilicon wafer.A fter solvent evaporation, SEM imaging of the remaining powder showed the presence of microscale, brittle,s ticklikem orphologies (Figure S28 , Supporting Information). Alternatively,w hen di hydroxy precursors 3 and 4 were treated with p-TsOH in refluxing toluene solution, [66, 67] Figure S35a , Supporting Information), the TGA profiles of compounds 4, 6
Fur ,a nd 6
Pp showed very high thermal stability under N 2 ,w ith sublimationt emperatures above 320, 340, and 400 8C, respectively ( Figure S35 b-d, Supporting Information). The thermal stability of extended pyranopyran derivative 6
Pp was also evaluated in air at as can rate of 10 8Cmin
À1
.T he TGA profile ( Figure S36 , SupportingI nformation) only exhibits as ignificant weight loss above 370 8C, which suggestst hat 6
Pp can stand the criticale nvironmental conditions typical of af ully operative device, namely,u nder O 2 at high temperatures.
Absorption and emissions pectroscopy
The effects of increasing the conjugation for both furanyl and pyranopyranyl derivatives were evaluated by steady-state UV/ Vis absorption and emission spectroscopy (Table 1) . In general, all compounds show high molar absorption coefficients (up to 10 5 m À1 cm À1 )s panning from the blue to the red region of the visible spectrum, with luminescence lifetimes consistentw ith singlet radiative deactivation (t = 2-6 ns). Quantum yields are remarkably high across the visible spectrum,w ith the pyranopyranyld erivatives showing lower emissionq uantum efficiencies (average F value of % 0.5) with respect to the homo logous furanyl molecules (average F value of % 0.8).
For singly bonded naphthol perylenol 3 and conjugated derivatives 5
Fur and 5 Pp ,c lear bathochromic shifts both in the absorption and in the emissions pectra are evidenced on passing from the nonplanar to the planarized derivatives (Figure 6a) , with the relevant pyranopyranyl molecule displaying the larger redshifts compared to the furanyl analogue. The same trend is also observed for perylenol 2,i ts singly linked dimer 4,a nd compounds 6
Fur and 6
Pp
,w hich show largely tunable absorption and emissione nergies that lie in the red spectralr egion for the O-annulated derivatives (Figure 6b ). Comparing with reports in the literature on all-carbon PAHs exhibiting comparable visible absorption energies, [68] [69] [70] [71] the results of our steady-state studies suggest that, althoughi t provides significant bathochromic shifts, CÀOp lanarization does not dramatically suppress the emission quantum yields, as opposed to the formation of the CÀCb onds in planar rylenes, which usually show strong absorptivities butf aint luminescence. [72, 73] To probe the solid-statee missive properties of all conjugates, [56] different molding solvents [74] weres creened to reproducibly obtain solid morphologies of defined shape. Furans 5
Fur and 6 Fur and pyranopyrans 5 Pp and 6 Pp were initially investigated. Among the different conditions, we found that slow addition of MeOH to THF solutions of the dyeg ives rise to cloudy colloidal solutions, which in time undergo precipitation leadingt oc rystalline powdery solids.S EM images (Figure 7 ) of the dried powders show the formation of well-defineda nd reproducible structures on the microscale with different morphologies depending on the chemical structure of the crystallizing molecules. Specifically,c ompound 5
Fur leads to the formation of elongated hexagonal prisms (Figure 7a and b), 1 mmw ide with lengths of 5-10 mm. Needle-like structures, longer than the average prisms, were also present in the sample. On the other hand, 5
Pp forms 3-10 mm-long sticklike morphologies with thinner diameters ( Figure 7c [a] UV/Vis absorptionm aximum of the lowest-energyb and in toluene.
[b] Emission maximum in toluene at 25 8C. Fur (red), and 6 Pp (blue).
Chem.E ur.J. Fur intensely emits ay ellow-orange color and shows as tructured emission spectrumw ith am aximum around 560 nm, whereas 6
Fur strongly luminesces and exhibits vibrational structure andas harp peak at 645 nm. Although the emission spectra of the amorphous powders of 5
Fur ,a nd 7
Fur were to some extent sensitive to prolonged UV excitation, and we cannot therefore determine precisely the value of each luminescence quantum yield, these solid-state emissionf indings are in agreement with literature data reporting high quantum yield for the naphthofuran derivatives. [56, 67] Differences in the emissive properties between then aphthofurans and pyranopyranyl derivatives in the solid are probably correlated with the structural properties of the respective crystal lattices (see above). For instance, considering that 8 Pp (PXX) is selforganized at the solid-state through p-p stacking, [44] we can hypothesize that all pyranopyranyl derivatives likely form similar face-to-face arrangements, which favor nonradiative decay of the emissive excited states. [15, 75, 76] 
Electrochemical investigations
Cyclic voltammetry( CV) in 1,2-dichlorobenzene (ODCB) was used to get further information about the redoxp roperties of 
) dramatically affects the voltammetric behaviorcompared to that of the reference compounds ( Figure 10 aa nd b) . Specifically,t wo one-electron, reversible oxidation peaks for 5 Fur appeara t0 .37 and 0.90 Vasaconsequence of the Coulombic interactions between the first and second oxidation holes. Curiously,afirst 1e reduction wave also appearsasaseparated, reversible couple at À2.20 V. As expected, with respectt o8
As expected, in the case of the PXX-derivatives, the trend is very similart ot hat described for the naphthofuran family: compound 5
Pp (m = 0, n = 1) shows lower oxidation potentials (Figure 10 c) . The symmetrical substitution on both sides of the PXX core by two perylenyl units (m = n = 1) makes 6
Pp electron-richer and easier to oxidize than 8 Pp ,a nd shifts the first oxidation potential to À0.15 V ( Figure 10 d) . To gain insight into the electronic role of oxygen atoms in the conjugated system of the PXX-based derivatives, CV of dimethoxyb iperylene 4b (see Supporting Information) was also performed (Figure 10 e) . Twor eversibleo xidation processes are detected at 0.30 and0 .52 V, reflecting the weakere lectron-donating nature of this structure compared to that featuring the two oxygen atoms in the p-conjugated pyranopyranyl motif, as in the case of 6 Pp .F urthermore, the inclusion of the two oxygen atoms in the aromatic system affects significantly the HOMO-LUMO energy gap E CV g (Table 3 ), which was experimentally estimated to be 2.67 and 2.01 eV for 4b and 6 Pp ,respectively. From these data it becomesa pparent that the lateral p extension of the PAHs ubstructures with an aphthyl unit accountsf or ad ecrease of the E CV g value of approximately 0.30 V( cf. the furanyl (left) and pyranopyranyl (right) families in Ta ble 3). Similarly,Ocyclization of the bis-hydroxy PAHs strongly affects the E CV g value,w ith systematic decreases of about 0.30 and 0.6 Vf or the furanyl and pyranopyryl ring, respectively (cf. the furanyl and pyranopyranyl analogues in Ta ble 3a nd Figure 11) . Notably,e xcellent accord between the electrochemical E CV g ando ptical E g valuesi sc learly observable, whereby the latter was calculated from l max of the lowestenergy electronic transition. The rainbow collection in Figure 11 perfectly illustrates how the HOMO-LUMO gaps decrease,m ainly because of the increase of the HOMO energy levels as ac onsequenceo ft he progressive p extension and the inclusion of donating furanyla nd pyranopyranyl cores. By playing with the type of O-containingr ing and the number of fused naphthyl rings one can cover the primary colors, moving from yellow furanyl 5
Fur to orange bis-perylenyl furan 6 Fur to pink 5
Pp and blue 6 Pp pyranopyranyl derivatives. Comparedt o the tunablec ore-substituted naphthalenediimides (cNDIs), [77, 78] color tailoring of whichi sa chieved by ac ombination of electron-donating substituents in the core leading to push-pull chromophores with the electron-withdrawing imide groups, [79] the O-doped PAHs investigated in this work can be considered to be valid alternatives for applicationsi nw hich electron-rich (i.e.,h igh HOMO energy levels)a nd strongly emissive chromophores are required. [80] [81] [82] 
Theoretical modeling
To shed furtherl ight on the electronic structure and optical properties of the O-annulated derivatives, the electronic properties of the HOMO and LUMO levelsw ere calculated by meanso fD FT calculations with the Gaussian09p ackage [83] (Tables3and 4). As the tBu substituentsh ave as mall effect on E HOMO and E LUMO ,some of the calculationswereperformed without the alkyl substituents. Each molecule was modeledi ni ts neutral state by performing ag eometry optimization and as ingle-point calculation with the restricted Becke threeparameter exchange functional [85] and the Lee-Yang-Parr correlation functional [84] (B3LYP/6-31G** level of theory). The crystal structures, when available, were considered as starting geometries. The HOMOs and LUMOs were plottedw ith the Avogadro software. [86] Other orbitals up to HOMOÀ4a nd LUMO + 4w ere also calculated ( Figures S49-56 , Supporting Information). The molecular HOMOsa nd LUMOs are located on the entire p surfaceo ft he molecules, with the oxygen atoms contributing to the given orbitals differently,d epending on the nature of the cyclic linkage. In particular,f or the furanyl derivatives the Oa tom does not significantly contribute to the HOMO,w hereas as ignificant involvement of the Oa toms in the HOMO of the pyranopyranyl derivativesi sc learly observ able (Figure 12 ). On the contrary,anon-negligible contribution of the Oa toms to the LUMOs is noticeable for both O-annulated derivatives. As observed with the electrochemical characterization,Ocyclization greatly affects E HOMO ,w ith the pyrano pyranylr ing inducing the greatest enhancement of the E HOMO valuesa nd thus having the greatest impact on both optical and electrochemical E g values. On the other hand, p extension of the all-carbon aromatic units (m = 0, n = 1a nd m = n = 1) affects both E HOMO and E LUMO ,a nd ultimately triggers ad ecrease of the E g value, as typicallyo bserved for p-extended PAHs. [87] [88] [89] Notably,t he solvente ffect (toluene) on the wavelength l for the first allowed electronic transition was also considered in the simulation (Table 4) . For both furanyl and pyranopyranyl derivatives, l increases with n,a nd the absorption of the pyranopyranyl derivatives is more red-shifted with respectt ot he furanyl analogues (l Pp > l Fur ). For 8 Pp am aximum is observed at 400 nm, which lies close to the absorption (l = 394.90nm), whereas the maximum of 8
Fur is located at l % 330 nm, andi sa lso close to the absorp- 2.75 [b] 438.05 Figure S65 (Supporting Information) shows first allowed electronic transitions computed with the aid of natural transition orbitalp airs [90] Pp .A ll electronic transitions occur through p!p*e xcitations, and the lowest-energy absorption band is assigned to the HOMO!LUMO transition (see Supporting Information fort he simulated UV/Vis spectra and the computed bands of the allowed electronict ransitions for 8
Fur and 8 Pp ).
NLO studies
The NLO properties of 4, 5
Fur/Pp , 6
Fur/Pp ,a nd 8 Fur/Pp were investigated by the Z-scan technique, by employingv isible (532 nm), 35 ps laser pulses from am ode-locked Nd:YAG laser.B y performing measurements on solutionsa td ifferent concentrations under variousi ncident laser excitation energies, the nonlinear absorptionc oefficient b and the nonlinear refractive parameter g' were determined (Supporting Information, Ta ble S2;f or more details on the dependence between b, g', and the third-order nonlinears usceptibility c (3) ,s ee Supporting Information). Most of the O-doped PAHs exhibit negligible NLO absorption and significant NLO refraction. Specifically,o nly 8 Pp and 5
Pp ,w hich exhibit significant NLO absorption, show reverses aturablea bsorption (RSA, b > 0) and saturable absorption (SA, b < 0) behaviors, respectively ( Figure 13 ). As RSA materialss how lower transmission with increasing incident laser intensity( i.e.,t he material becomes less transparent) and SA materials become progressively more transparent at higher incident laser intensities, both types of NLO absorption behaviors are of great interest for av ariety of photonic and opto electronic applications (e.g.,o ptical limiters, saturablea bsorbers). Concerning the NLO refraction, toluenes olutions of most of the O-annulatedP AHs exhibited self-defocusing (i.e.,n egative sign of the nonlinear refractive-index parameter g',s ee Ta ble 5), with the exception of pyranyl derivatives 5 Pp and 6
Pp , which exhibited self-focusing behavior (i.e.,p ositive g' values, Figure S57 , Supporting Information). To better rationalize these findings,t he UV/Vis/NIR absorption spectra of toluene solutionsc ontaining the relevant O-annulated PAHs werec ompared to those obtained from calculations ( Figures S60 and  S61 , SupportingI nformation). Thus, from the comparison between the energy of the lower-energy electronic transitions of the different O-dopedP AHs studied here and that of the laser excitation photons, it becomes evident that different degrees of resonant enhancement are expected to occur.I n particular, going from 8
Fur to 5 Fur andt hen to 6 Fur ,t he lowerenergy electronic transitions shift to longer wavelengths,g et closer to the laser excitation wavelength, and result in more efficient resonance enhancement, as shown in Table S2 of the Supporting Information. Specifically,t he lowest-energy electronic transition of 8 Fur ,w hich occurs at 357 nm, shifts to 477 nm in the case of 5
Fur and to 534 nm in the case of 6
Fur . Similar observations have been made for the pyranyl counterparts as well. These energy shifts of the lower-energy electronic transition give rise to significant resonant enhancement of the NLO response, in line with the general rule according to which the closer the lowest-energy electronic transition to the energy of the laser excitation photon (532 nm), the highert he degree of resonant enhancement of the NLO response. Therefore, considering the lowest-energy transitions centered at 357, 477, and 534 nm for 8
Fur gives rise to the largest NLO response. Furthermore, as the sign of the NLO refraction depends on the relative position of the excitation wavelength with respect to the molecular absorption band, [91] [92] [93] one can obtain NLO refractions with opposite signs. In particular, whereas for 5
Fur excitation occurs at al ongerw avelength compared to its lowest-energy absorption band, compounds 5 Fur and 5
Pp exhibit opposite NLO refractions. Along this line, compounds 8
Pp ,a nd 4 were also found to exhibit negative NLO refractions, as the excitations take place at longer wavelengths than the lowest-energy absorption bandso ft he relevant colorant.
The third-order susceptibility c (3) and the second hyperpolarizability g were then deduced (see Table 5a nd Ta ble S2, Supporting Information), and at rend within each family of Oannulatedc ompoundsw as identified. Specifically,s tarting from modelc ompounds 8
Fur and 8 Pp ,w ec an observe an increase of the g values by two orders of magnitudeo ne xtendingt he molecular p surface, that is, for compounds 5
Fur/Pp and 6
Fur/Pp . To shed further light on this NLO response, we calculated the electronic static (i.e.,w hen the excitation frequency of the incoming laser beam tends to zero, with w!0) and the frequency-dependent (i.e., w ¼ 6 0) second hyperpolarizabilities (Table 6 ), denoted g(0;0,0,0)a nd g(Àw;w,Àw,w)r espectively.A s shown in Table 6 , g(0;0,0,0) and g(Àw;w,Àw,w)o ft he pyranopyranyld erivatives are larger than those of the furanyl compounds. This is in full agreement with the experimental observations.A ne xception to this response was found for g(0;0,0,0) of 8
Pp and 8
Fur
,f or which an opposite behavior was observed, namely, g Fur (0;0,0,0) > g Pp (0;0,0,0). As shown in Figure 14 a, in the spectralr egion in which the excitation occurs (532 nm), ,a gaini na greement with the experimental findings (see above); furthermore, the largei ncrease of the g(Àw;w,Àw,w) value for pyranopyranyl compound 8
Pp at about 250 nm is associated with its significant light absorption in the given spectralr egion.S imilar resultsw ere found for 5
Pp ,w hich shows ac lear enhancement of the g yyyy (Àw;w,Àw,w)v alue at ca. 500 nm (see Figure 14 b ). Corroborating the experimental findings, theoretical calculations indicatet hat g(0;0,0,0) and g(Àw;w,Àw,w)a re strongly affected by the type of Oa nnulation, with the pyranyl derivatives showing the larger values. Finally,t he NLO response of the O-doped PAHs studied herein was found to be of comparable magnitude to those of some other organic conjugated materials that werereported recently and are also promisingf or photonic and optoelectronic applications. [98, 99] To study the effect of the dielectric environment( solvent effect)o nt he NLO response, we also computed the 1 value, defineda st he ratio between the static second hyperpolarizability values in solution g(0;0,0,0) sol and in the gas phase g(0;0,0,0) gas (Table 6 ). As shown in Figure 15 a, the 1 value increases with the extension of the molecular p surface; also, larger 1 values are found for the planar pyranopyranyl derivatives (1 Pp > 1
). These datas uggest that the more extended the p surface and the planarity of the molecule, the greater the effect of the solvent on the NLO response. Moreover,i n Figure 15 bt he dependence between g(0;0,0,0) and E 
NLO responses in thin films:towards devices
Given the promisingN LO resultso btained in solution,t hin films of poly(methyl methacrylate) (PMMA) containing the relevant dyes were prepared by spin coating (thickness of 350-550nm, as measured by aD ektak XT stylus profilometer). The results are gatheredi nT able 7( for details,s ee Supporting Table 6 . Average valueso ft he static [g(0)] and dynamic second hyperpolarizabilities [g(Àw;w,Àw,w)] of pyranopyranyl and furanyl derivatives. The reported data were calculated at the B3LYP/6-31G**gas-phase optimized geometry,byu sing the CAM-B3LYP/6-31 + G** method. Computed by multiplying the gas-phasev alue by the scalingf actor 1,i no rder to get an estimation of the property in solution.
[f] Non-convergence.
[g] The experimental value was measured by using the Z-scan technique,w ith 35 ps laser excitationa t5 32 nm (solvent:t oluene).
[h] The computed value was converted to esu by using the conversion factor1a.u. = 5.0367 10 À40 esu. Information). [94, 95] As thin films have ad ifferent dielectric environmentc ompared to al iquid solution, different behaviors of NLO responses are observed. [96] The Z-scan measurements were performed with 532 nm, 35 ps laser pulses. The UV/Vis/ NIR optical absorption spectra of the prepared thin films are shown in Figures S62 and S63 of the Supporting Information. While the absorption spectra of the thin films containing the furanyl derivatives were found to closely match those recorded from toluene solutions,t he absorption profiles of the films containing the pyranopyranyl derivatives (with the exception of those containing 8 Pp )e xhibited significant broadening of the main absorption bands, which suggests non-negligible aggregation of the molecules in PMMA.C oncerning the general properties of the thin films, it is important to note that the NLO responses of all films are exclusively dominated by NLO refraction (for the range of incident laser intensitiesu sed, i.e., up to 30-35GWcm
À2
). No evidenceo fn onlinear absorption was found for laser intensities as high as the damage threshold of the films. These results are very promising for practical applications, as they show high damage thresholds, while the absence of absorption reduces significantly the drawbacks of any thermale ffects. [97] As for the magnitude of the NLO refraction (i.e.,t he real part of the third-order susceptibility Rec (3) [94, 96] T ¼ bl=g
where b is the nonlinear absorption coefficient, l the excitation wavelength, g' the nonlinear refractive parameter, Dn = g'I the induced index change, and a the linear absorption coefficient [cm
À1
]. The first parameter (T < 1) infers that the NLO absorption must be weak compared to the NLO refraction, while the second (W > 1) suggestst hat the linear absorption mustb er elativelyw eak compared to the nonlinearity.I n the presentc ase, the T value is always < 1, and thus fulfils the necessary requirements of an egligible NLO absorption of the films (i.e., b % 0). High W values ranging betweena bout3 90 and 10 are estimated for the less p-extended derivatives 8 very high and thus very encouraging to further exploit thin films containing pyranopyranyl derivatives in waveguiding devices ando ptical couplers. [94] [95] [96] 
Conclusions
We have described the synthesis of O-doped polyaromatic hydrocarbons in whicht wo polycyclic aromatic hydrocarbon substructures are fused through furanyl or pyranopyranyl rings. Startingf rom bis-hydroxy PAHs, acid-and Cu-catalyzed O-annulation reactions allowed the planarization of the molecules through the formation of furanyl or pyranopyranyl rings.
Comprehensive photophysical measurements in solution showedt hat these compounds have high emission yields (F = 0.5-0.9)a nd tunable absorption properties throughout the UV/ Vis spectral region. Complementary solid-state photophysical studies on the dyes organized in microscopic morphologies showedt hat only those prepared from the furanyl derivatives retain the emissive molecular properties. Electrochemical investigations showed that in all cases Oa nnulation increases the electron-donor capabilities by raisingt he HOMO energy level, whereas the LUMO energy level is less affected. This ultimately causes shrinking of HOMO-LUMO energy gaps, whereby pyranopyranyl planarization triggers narrower gaps and thus the lowest-energy emissive species. Finally,t hirdorder NLO measurements on solutionsc ontainingt he relevant dyes showeds ignificant second hyperpolarizability,t he extent of which depends on 1) the molecular planarity and2 )the HOMO-LUMO energy gap. Theoretical computationo ft he optoelectronic properties performed with the CAM-B3LYP/6-31 + G** method provided reliable data for predictingt he excitation spectra, energy gaps, and second hyperpolarizability values, whereby the pyranopyranyl derivatives show the larger second hyperpolarizability values. In this respect, PMMA films containing the pyranopyranyl derivatives showed weakl inear absorption and NLO absorption compared to the nonlinearity and NLO refraction, respectively,a nd thus are prime materials for engineering photonic devices, such as waveguiding and opticalc ouplerso rf luorescent probesi nl ipid bilayer membranes. [100] From these results, the potential to build ab road variety of new colorful molecules is apparent. Thus, further investigations will be now centered on studying different heteroatoms, for example, other chalcogens such S, Se, and Te , the polarizabilityo fw hich is expected to further affect the NLO responsea nd finely tunethe HOMO-LUMO gap.
Experimental Section
Full experimental details and characterization data, spectroscopic measurements, cyclic voltammograms, computational studies, and NLO measurements are gathered in the Supporting Information. CCDC 1424424 (1c), 1424425 (4), 1424426 (5 Fur ), 1424427 (6 Fur ), and 1424428 (7 Fur )c ontain the supplementary crystallographic data for this paper.T hese data are provided free of charge by The Cambridge Crystallographic Data Centre.
